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Diabetic Mellitus is a disease caused either due to 
insufficient insulin produced by the pancreas or the body cells 
are unable to use the existing insulin. One of the main 
complications associated with diabetics is neuropathy, which is 
caused due to complete or partial loss of sensation in the feet 
and legs that lead to problems like inadequate delivery of 
nutrients and oxygen to the foot, which will cause healing 
impairment. In diabetic neuropathic subject, the hardness of 
foot sole soft tissue gives rise to plantar ulcer development. In 
this work, a biomechanical model is used to study the plantar 
distribution of forces in the foot. The dynamic foot pressure 
distribution during walking is used to carry out a stress 
analysis. This includes the motion of heel strike, mid-stance, 
and push off section of the feet during walking. A control 
strategy is proposed to mitigate the high stress concentration 
occurring during the walking phase. The control strategy 
includes a synergy of an adaptive neuro-fuzzy inference 
controller and for comparison an optimal controller. The 
actuation is simulated through an external shoe insert. The 
three-dimensional multi-segment biomechanical model is used 
in conjunction with experimental data gathered from various 
literatures for simulation purposes of the proposed control 
strategy. The proposed intelligent controller focuses on stresses 
generated by the foot pressure distribution during walking and 
compares these with stress levels of healthy subjects. The insert 
changes its shape accordingly to redistribute the pressure levels 
at various regions so to achieve a pressure distribution 
equivalent to a healthy subject. It is assumed that the insert can 
actuate and measure the pressure distribution simultaneously. 
This could be achieved using smart materials for the shoe : https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Usinsert. The simulation results show the effectiveness of the 
proposed algorithms and approach, [1, 2, 3, 4, 5]. 
 
INTRODUCTION 
One of the main complications associated with diabetic 
mellitus is neuropathy meaning complete or partial loss of 
sensation in the feet and legs because of the nerve disorders.  
Diabetic neuropathy resulting from high blood sugars can be 
the most frustrating complications associated with diabetes 
because of the pain, discomfort and disability it can cause, and 
also available treatments are not completely successful. 
Diabetic neuropathic patients find relief by keeping their blood 
sugars as closely controlled as possible, by regular exercise and 
keeping their weight under control. The common symptoms 
from people diagnosed with neuropathy are pain or numbness 
in the legs or feet, which later leads to the inability to lift the 
foot, into new deformities of the foot, and finally into foot 
ulcers. There are different types of diabetic neuropathies: 
peripheral, autonomic, proximal, and focal. Each affects 
different parts of the body in different ways. Peripheral 
neuropathy damages nerves in the arms and legs. The 
numbness in the foot results into blisters and sores at areas of 
high pressure peaks. If foot injuries are not treated promptly, 
the infection might spread to the bone, and develop foot ulcers, 
which might lead to foot amputations. Some experts estimate 
that half of all such amputations can be prevented if pressure 
peaks are caught and treated in time, [6, 7]. 
 
Currently, there is a lot of research activity on diabetic foot 
care because of the high population of diabetic patients who are 
suffering from feet problems and end up with foot 
ulcers/amputations. According to the diabetic statistics 1 Copyright © 2005 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
Dowexplained in [8], every year more than 86,000 diabetic patients 
have to go through foot amputation. The survival rate is 50% 
after 3 years and 40% after 5 years. Studies have shown that it 
is possible to avoid some foot problems by identifying and 
taking appropriate measures such as in-shoe footwear, [9]. 
 
The work presented in this paper deals with the 
development of a suitable controller architecture and design for 
addressing the foot pressure distribution problem of diabetic 
patients. In particular two controllers are proposed and their 
performance studied based on the standing case and a case 
study, which includes the walking case. The paper is as 
following organized, the mathematical model of the shoe insert 
model is restated first, then various pressure distributions are 
given. The two controllers, the optimal controller and the 
hybrid controller are introduced followed by comparison in 
their performance. Finally, a case study is presented using the 
hybrid controller for the walking case. 
NOMENCLATURE 
A … State matrix 
projA …Area under foot 
B…  Input matrix 
C…  Output matrix 
D …  Direct trans. Matrix 
L …   Mass element distance in discrete model  
Pdes   Normal persons pressure distribution 
Pex … Diabetic patients pressure distribution  
T …   Tension between two elements of model 
u(t)… Control force vector 
d …  Displacement 
c …  Damping coefficient 
m …  Mass 
k …  Spring matrix 
kp …  Foot spring constant 
t …  Time 
w …  Deflection 
x(t) … State Variable 
      projA … Area projected of the foot pressure 
 
MATHEMATICAL MODEL 
The derivation of the shoe insert model and the foot model 
combined to form the overall dynamical model can be found in 
[4]. The shoe insert is composed of a finite number of lumped 
masses, interconnected to each other and fixed at the boundary, 
simulating the support it provides by the shoe and to the foot. 
The deflection w is of interest and therefore modeled. For 
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where the system matrices are given as:   
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      The objective of the modeled shoe insert and foot is to 
reduce pressure peaks or alter the pressure distribution of the 
foot. An ideal foot pressure distribution is assumed for both, 
the standing and the walking case. This ideal distribution is 
customized based on the patient needs. In the following, the 
ideal foot pressure distribution is referred to the desired 
pressure distribution. The objective of the proposed controller 
is to adjust the actual foot pressure distribution to the desired 
foot pressure distribution for both cases. The error in pressure 
distribution is given by 2 Copyright © 2005 by ASME 
http://www.asme.org/about-asme/terms-of-use
DoPdes - Pex 
 
      Using optimal control theory, minimization of the foot 
pressure error is accomplished by formulating the following 
cost function: 
                     
0




J u t dt= ∫     (2) 
where the control input u(t) is of the form, 
( ) [ ] projex des
A
u t P P
k
= −   (3) 
and projA
k
is constant in this work. 
 
SIMULATED RESULT OF HEALTHY SUBJECT 
In Figure 1, the simulated pressure distribution of a normal 
subject is depicted, based on [4]. It shows normal pressure 
peaks in push off and heel sections. The stress level in the mid 
section is not as prominent as in the heel section and push off 
region (for identification of the sections, see Figure 12). 
 
Figure 1: Right foot pressure distribution of a normal subject. 
 
FOOT PRESSURE DISTRIBUTION OF DIABETIC 
PATIENTS 
        In Figure 2, the pressure distribution of a diabetic patient 
is expressed. The distribution is calculated using the model 
described in the section Mathematical Model. The stress levels 
or the pressure peaks are very high in the push off and heel 
sections compared to the normal subject. The pressure at the 
mid section is negligible compared to the pressure peaks of 
heel and push off region. If these types of pressure peaks are 
not treated early, then there are high chances of formation of 
ulcers in that particular area. Therefore there is a need of an 
external shoe insert, which will sense, control, and reduce these 
pressure peaks.   
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Figure 2: Right foot pressure distribution of a diabetic patient. 
 
         The comparison between the pressure peaks of a normal 
subject and a diabetic patient is shown in Figure 3. In the 
following sections, we propose two different controllers to 
address the foot pressure distribution discrepancy. The first 
proposed controller is a traditional optimal controller, while the 
second is an adaptive intelligent controller. 
 
 
Figure 3: Right foot pressure distribution of a normal subject 
and diabetic patient. 
 
 
CLOSED-LOOP OPTIMAL CONTROLLER 
         In the following, the closed-loop optimal controller is 
presented, which is based on the model (1) and performance 
index give by Equation (2) with fixed initial conditions. 
Comparing the performance (2) to the general performance 
index (4), in our case Q is a positive semi definite matrix and R 
is a positive definite matrix [10].  
 
       ' '
0
1 [ ( ) ( ) ( ) ( ) ( )]
2
J x t Q t x t u R t u t dt
∞
= +∫   (4)  3 Copyright © 2005 by ASME 
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         The solution of the problem using closed-loop optimal 
control is given by the following steps, [10]. 
 
1. Solve the matrix differential Riccati equation, 
 
      
.
' 1( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )P t P t A t A t P t Q t P t B t R t B P t−= − − − + '
 




2. Solve for the optimal state 
 
            *
.
1 ' *( ) [ ( ) ( ) ( ) ( )] ( )tx A t B t R t B P t x t−= −  
 
where the initial condition x(t0) =x0 
 
3. Solve for the optimal control 
 
              * 1 '( ) ( ) ( )u t R B P t x t−= − *
the values of the constants are found in [4]. R=2, Q is a 32x32 
unity matrix. 
 
Simulation Results using the Closed-Loop Optimal 
Controller 
       Figure 4 represents the simulated results of pressure 
distributions of a diabetic patient with the application of the 
proposed closed-loop optimal controller (CLOC). Figure 5 
shows all the three-pressure distributions and comparison 
between diabetic patient without controller, with controller, and 
normal subject. Our main paradigm is to reduce the error 
between the normal subject and diabetic patient foot pressure 
distribution. 
  
Figure 4: Right foot pressure distribution of a diabetic patient 
with CLOC.  
loaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use 
 
Figure 5: Right foot pressure distribution of a diabetic patient 
with CLOC (A), normal subject (B), and without CLOC(C). 
 
        Referring to Figure 5, one can observe an improvement in 
the pressure distribution of diabetic patient with closed-loop 
optimal controller (CLOC) compared with the normal subject. 
This reduction does not constitute a perfect match. To further 
reduce the error between the desired and actual pressure we 
propose an intelligent controller using an adaptive neuro-fuzzy 
inference system (ANFIS). 
 
ANFIS CONTROL 
         ANFIS is a fuzzy inference system, which is implemented 
in the framework of adaptive networks. ANFIS includes fuzzy 
modeling procedure to learn information about a data set and 
neural network structure to compute the membership functions 
of a fuzzy logic inference system. In this section, we propose 
an ANFIS controller to minimize the error between the pressure 
peaks as shown in Figure 5. The block diagram given in Figure 
6, describes the interaction of the proposed hybrid controller 
with the plant. Figure 7 depicts the flow chart of the ANFIS 




Figure 6: Block diagram.  
4 Copyright © 2005 by ASME 
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             Figure 7: ANFIS structure. 
 
Simulation Results of Hybrid Controller 
      The fuzzy inference system uses Gaussian bell membership 
functions and a Sugeno inference system. The ANFIS training 
of the elements of the pressure distribution matrix is based on 
50 epochs. Figure 8 shows the error between the hybrid optimal 
controller and simulated normal subject during the training, 




Figure 8: ANFIS error curves. 
 
 
Figure 9 shows the pressure distribution of a diabetic 
patient with hybrid controller while Figure 10 depicts all the 
pressure distribution curves of a diabetic patient without 
controller, with hybrid controller compared to a normal subject. 
The comparison indicates that the pressure peaks resulting from 
using the hybrid controller have good agreement with the one 
of a normal subject. 
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Figure 10: Foot pressure distribution of diabetic patient using 
hybrid controller, without controller and normal subject. 
 
CASE STUDY 
         The above proposed controller is applied to a particular 
case study, which describes a diabetic patient’s foot that is 
suffering from diabetic neuropathy (Figure 11), [15]. 
 
Figure 11: Foot pressure distribution of diabetic patient 
with neuropathy [15]. 
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        As one can see from Figure 11, there is a problem area at 
the push off section. Figure 12, Figure 13 and 14 show the 
pressure curves of the heel strike region and mid stance regions 
respectively for this case.  
 
 
Push off              Mid-Stance Heel Strike 
 
      Problem Area 
          





Figure 13: Pressure distribution of Heel Strike: Motion of heel 
strike during walking. 
 
         Figure 15 shows an instant of the pressure distribution 
during the push off section movement. Figure 16 comprises this 
instant with the one of a normal subject. 
 
 
Figure 14: Pressure distribution of mid stance: Motion of mid 
stance during walking.   
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distributions of the heel and mid stance of the case study are 
similar to the pressure distribution for normal subjects. The 
pressure curves of the push off section in our case study are 
addressed using the proposed hybrid controller in order to 






Figure 15: Pressure distribution of push off: Motion of push off 





Figure 16: Pressure distribution of push off section of diabetic 
Patient and Normal Subject during Walking.  
 
 
Application of Hybrid Controller to Case Study 
Using the ANFIS structure described in the previous 
sections and 60 training epochs, one can see a reduction in the 
pressure distribution of the case study compared with the 
normal subject as depicted in Figure 17. Those graphs have 
good agreement. 
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Figure 19: Pressure distribution of push off section of (A), 
diabetic patient without controller, (B), Normal Subject, and  
(C), with hybrid controller.  
 
CONCLUSION 
This paper presents a hybrid control algorithm for foot 
shoe insert that incorporates a synergy of an intelligent 
controller and a conventional controller. The shoe insert is 
assumed to be able to sense the high-pressure peaks and 
generate new optimal hybrid pressure distribution by reshaping 
the shoe insert. A comparison between the hybrid controller and 
a traditional optimal controller is given, as well as a specific 
case study of diabetic mellitus and the impact of the proposed 
hybrid controller during walking is shown. The simulation 
results indicate that the proposed hybrid controller performs 
well and is capable of reducing the pressure distributions of a 
diabetic patient to nearly the level of a normal subject. Future 
work will concentrate on the design of such shoe inserts that 
are capable of executing the measurement and control tasks as 
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